Abstract Urbanization affects the availability and diversity of floral resources (pollen and/or nectar) for wild pollinating insects. For example, urban green areas are characterized by an abundance of ornamental plant species. Increasingly, trees are planted to improve the aesthetics of urban streets and parks. These urban trees might offer important floral resources to pollinating insects. To examine the suitability of urban trees as resources for pollinating insects, we investigated the chemical composition of pollen and nectar as well as the amount of nectar produced by the nine major insect-pollinated tree species planted in cities of Western Europe, namely Acer pseudoplatanus, Aesculus carnea, A. hippocastanum, Robinia pseudoacacia, Tilia cordata, T. x euchlora, T. x europaea, T. platyphyllos and T. tomentosa. The analyses revealed that globally the Tilia trees provide pollen with lower contents of polypeptides, amino acids and phytosterols compared with the other species. Urban tree flowers offer abundant nectar with relatively high sugar contents (0.16-1.28 mg/flower); sucrose was the predominant sugar in all nectars. The investigated tree species could therefore be considered in future city plantings.
Introduction
Urban areas are expanding worldwide, altering or even destroying natural habitats (Matteson and Langellotto 2010) . The changes in habitats associated with urbanization often modify the composition and abundance of animal and plant communities. Because insect pollinating species usually require particular food resources (pollen and nectar) and breeding sites, urbanization can compromise their needs (Goulson 2009; Potts et al. 2010a ). Urbanization can increase or decrease species richness, depending on several variables like intensity of urbanization, taxonomic group, spatial scale of analysis or food specialization. Urban areas might be suitable habitats for pollinating species, especially generalist species that forage on different plant resources (Goulson et al. 2002; Hernandez et al. 2009; Winfree et al. 2009; Baldock et al. 2015) . For instance, studies showed a positive effect of urbanization on the total numbers of several bee species (Everaars et al. 2011; Sirohi et al. 2015) . Nevertheless, in other cases, urbanization induces negative effects on pollinator assemblages by reducing pollinator abundance or diversity (McKinney 2008; Bates et al. 2011) . Because urbanization generally leads to the loss of native plants in both cover and diversity, gardens, parks, wastelands and street environments sustain different floral resources than do natural habitats, with diverse and sometimes abundant exotic species (Collins et al. 2000; Frankie et al. 2005 ; Banaszak-Cibicka and Żmihorski 2012). The effect of these exotic plant species on insects depend on plant species: some do not provide floral resources (Comba et al. 1999a; Corbet et al. 2001) , whereas others provide resource for native insects as good as or better than native species (Frankie et al. 2005; Acar et al. 2007; Vervoort et al. 2011; Cawoy et al. 2012; Hanley et al. 2014; Salisbury et al. 2015) . In particular, entomophilous exotic urban trees might provide supplemental food resources for pollinating insects by producing thousands of flowers per tree (Kevan 1990; Hunter and Hunter 2008) . For instance, trees of Acer rubrum (Aceraceae) generate approximately 1350 flowers/m 3 (Batra 1985) , whereas trees of Tilia species (Tiliaceae) develop up to 2400 flowers/m 2 (Baude et al. 2016) . Urban tree plantations are usually dominated by only a few species with short blooming periods (Pauleit et al. 2002; Sjöman et al. 2012b ) and pollinating insects are therefore confronted with spatio-temporal disparities in floral resources (i.e. abundance and diversity). Because eusocial bees require large amounts of nectar and pollen throughout the colony's active period (approximately from April to September), they might be particularly affected by inadequate nutrition intake related to gaps in flower availability or quality (Goulson et al. 2002; Potts et al. 2010a; Couvillon et al. 2014) . In the context of urban beekeeping (i.e. the increase in urban beehives; Alton and Ratnieks 2013), a shortage of entomophilous plants might strengthen competition between honey bees and other pollinating insects (Thomson 2004; Goulson and Sparrow 2008) and/or lead to a collapse in urban populations of honey bees and honey production (Potts et al. 2010b) .
Pollinating insects use nectar and/or pollen from foraged plants as nutrient resources (Goulson and Darvill 2004) . Nectar serves as an energy source while pollen is the major nutrient resource used for the development of larvae (Roulston and Cane 2000; Génissel et al. 2002; Cnaani et al. 2006; Nicolson 2011) . Nectar consists mainly of sugars (Corbet 2003; Gonzalez-Teuber and Heil 2009) . Pollen consists mostly of lipids (including phytosterols) and nitrogen compounds (Roulston and Cane 2000) . Nectar and pollen chemical composition are highly variable among plant species (Roulston and Cane 2000; Génissel et al. 2002; Cnaani et al. 2006; Kitaoka and Nieh 2009; Nicolson 2011) . Importance of plant species for pollinating insects will thus depend both on the abundance and chemical quality of their floral resources. Studies of floral resources and pollinators traditionally have focused on flower strips (Haaland and Gyllin 2010; Matteson and Langellotto 2010; Gunnarsson and Federsel 2014) , urban gardens (Comba et al. 1999b; Pawelek et al. 2009; Haaland and Gyllin 2010; Garbuzov and Ratnieks 2014; Federsel 2014), parks (McFrederick and Le Buhn 2006; Wojcik et al. 2008 ) and allotments (Ahrné et al. 2009 ). The potential of urban trees as floral resources for insects has been overlooked, and tree pollen nutritional quality has not been investigated. Several species of trees have been widely planted in urban areas in Western Europe (Sjöman et al. 2012a ), including Acer pseudoplatanus and A. platanoides (maple trees, Aceraceae), Aesculus hippocastanum and A. carnea (horse chestnut trees, Hippocastanaceae), Robinia pseudoacacia (black locust, Fabaceae) and several Tilia species (linden or lime trees, Tiliaceae). In Belgium, the collective flowering periods of these tree species last from mid-April to mid-August with overlap of the flowering periods of the individual species (Lambinon and Verloove 2012; Fig. 1 ). Therefore, these trees could be an important nutritional resource for bees during the period of nesting and colony development (Dicks et al. 2015) .
The present study focuses on urban trees in Brussels, Belgium. Green areas (i.e. gardens, parks, wastelands, woodlands) cover half of the city (i.e. 8000 ha) with an uneven distribution, from 10 % in the inner historical centre to 70 % in the suburbs (Bruxelles Environnement 2003) . Trees are planted along the majority of streets and roads. For example, along 350 km of 'regional' roads, more than 27,000 trees belonging to 140 species are planted. Approximately 66.5 % of all planted trees belong to only four genera: Platanus (22 %; wind-pollinated species, Tedeschini et al. 2006) , Tilia (18 %), Acer (14 %) and Aesculus (13 %; V. Decoux, pers. comm.). In urban areas, honey bees and bumble bees are the main visitors of the majority of trees from the Acer, Aesculus, Robinia and Tilia genera (Williams et al. 1993; Pawlikowski 2010; Weryszko-Chmielewska et al. 2012; Cierjacks et al. 2013) .
Recently, Vaudo et al. (2015) proposed that a step to restore and conserve the habitats of pollinating insects is to determine the nutritional requirements of different insect species as well as the nutritional quality of pollen and nectar from host-plant species. Here, we focused on nutritional quality, knowledge of which is essential to predict the effect of urban trees on the abundance and diversity of pollinating insects. To estimate the potential floral resources for insect visitors, we performed a study of the pollen and nectar chemical composition, as well as nectar quantification, in the main entomophilous urban trees in Brussels, namely Acer pseudoplatanus, Aesculus carnea, A. hippocastanum, Robinia pseudoacacia, Tilia cordata, T. x euchlora, T. x europaea, T. platyphyllos and T. tomentosa. 
Materials and methods

Plant species
We sampled nine entomophilous urban tree species planted in Brussels, Belgium: Acer pseudoplatanus (Aceraceae), Aesculus carnea and A. hippocastanum (Hippocastanaceae), Robinia pseudoacacia (Fabaceae) and five Tilia (Tiliaceae) species (Tilia cordata, T. x euchlora, T. x europaea, T. platyphyllos and T. tomentosa). Tilia x euchlora is the hybrid between T. cordata and T. dasystyla. Tilia x europaea is the hybrid between T. cordata and T. platyphyllos (Lambinon and Verloove 2012 
Pollen composition
Pollen sampling
At the peak of flowering (i.e. between late April and late July 2013; Fig. 1 ), branches with unopened flower buds were harvested from a minimum of five trees for each species. Branches, placed in tap water, were kept for one night at room temperature (approx. 20°C) in the laboratory. On the next morning, stamens were extracted from newly opened flowers. Stamens were stored at −20°C and subsequently dried at room temperature for 12 h before pollen was removed using a sieve (Sieve 3″, Brass-Stainless, Full Height, 80 μm). Pure pollen samples were pooled to obtain 200 mg samples sufficient for analyses and stored at −20°C until use. All chemical analyses were performed in triplicate, as in other recent studies (Weiner et al. 2010; Somme et al. 2015; Villette et al. 2015) .
Chemical analyses
The polypeptide content (molecular weight > 10,000 Da) in 5 mg dry pollen for each species (n = 3) was quantified following the method described in Vanderplanck et al. (2014a) . The quantification of total polypeptides was performed using the bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Thermo Scientific), and bovine serum albumin (BSA) was used for a standard curve.
The amino acid content in 3 mg dry pollen for each species (n = 3) was quantified following the method described in Vanderplanck et al. (2014b) . Each amino acid, with the exception of tryptophan, was measured separately with ion exchange chromatography (Biochrom 20 plus amino acid analyser) using a post-column ninhydrin reaction and norleucine as an internal standard (University of Liège, Gembloux Agro-Bio Tech, Belgium). Due to technical problems, we were unable to determine cysteine and methionine contents for Robinia pseudoacacia and Tilia platyphyllos.
The phytosterol content in 15 mg dry pollen was quantified for each species (n = 3) following the method described in Vanderplanck et al. (2011) . The total phytosterol content was determined by considering all quantifiable peaks of sterols that eluted between cholesterol and betulin (internal standard) (University of Liège, Gembloux Agro-Bio Tech, Belgium). Identifications were achieved by comparing the relative retention times (β-sitosterol-TMS = 1.00) with those of sunflower oil reference.
Chemical composition of nectar
Nectar sampling
Branches with unopened flower buds were harvested from a minimum of five trees for each species at the same time that pollen was collected. Nectar collection from flowers on the branches was conducted in the laboratory. Branches, placed in tap water, were kept for one night at room temperature (approx. 20°C). On the next morning, nectar was extracted from newly opened flowers. This method avoids differences due to climatic conditions (temperature and relative humidity) in the field and previous visits to flowers by insects. Anthers and stigmas were removed from the flowers to improve accessibility to the nectar and to avoid pollen contamination. For each tree species, nectar was collected from at least 50 (depending on the nectar volume) newly opened flowers with glass capillary tubes of 1 μL or 5 μL (Hirschmann®Laborgerate, Eberstadt, Germany). The nectar volume was estimated by measuring the length of the nectar column in the capillary tube.
Chemical analyses
Nectar samples were stored at −80°C until analyses of sugar concentration and composition. Sugar composition was determined on pooled samples by gas chromatography, with a PerkinElmer Autosystem XL equipped with a split injector (1/20) and helium as the carrier gas (flow of 1 ml/min). The injector and detector temperatures were maintained at 250°C and 350°C, respectively. Analyses for nectar composition were performed in the Centre Apicole de Recherche et d'Information (CARI asbl, Louvain-la-Neuve, Belgium). To determine the total sugar content of nectar per flower, sugar concentration was converted to mg/μl according to the formula: y = 0.00226 + (0.00937 x) + (0.0000585 x 2 ) where y = sugar concentration (mg/ μl) and x = sugar concentration (%) (Dafni et al. 2005) . The total sugar content of nectar per flower (mg) was then calculated as volume of nectar (μl) x sugar concentration (mg/μl).
Data analyses
Prior to analyses of variance (ANOVA), homoscedasticity and normality were checked using Bartlett and Shapiro tests, respectively. One-way analyses of variance (ANOVA) were used to compare phytosterol content among tree species. As assumption violations occurred even after transformations for nectar volume, amino acid and polypeptide contents, we performed KruskalWallis tests (i.e. data set with deviation from homoscedasticity regardless of normality).
To detect differences in pollen composition (i.e. amino acid and sterol profiles, expressed as μg/ mg) and nectar composition (i.e. sugar profiles, expressed as μg/mg), we conducted perMANOVA (Bray-Curtis dissimilarity index, 999 permutations, Badonis^command) and multiple pairwise comparisons with Bonferroni's adjustment after testing for multivariate homogeneity (BbetadisperÛ rban Ecosyst (2016 ) 19:1149 -1161 command) (R-package vegan; Oksanen et al. 2013) . Differences in nectar composition among species were visually assessed on UPGMA (unweighted pair group method with arithmetic mean) clusters using the Bray-Curtis dissimilarity index. We estimated the uncertainty in hierarchical cluster analysis with p-values calculated using multiscale bootstrap resampling (R-package pvclust; Suzuki and Shimodaira, 2006) . Differences in chemical compositions (phytosterols and essential amino acids) among the different pollen sources were visually assessed using a non-metric multidimensional scaling (nMDS) ordination based on the Bray-Curtis similarity matrix with two dimensions (R-package vegan). Statistics were calculated in R using functions from ecodist (Goslee and Urban 2007). All analyses were conducted in R version 3.0.2 (R Development Core Team 2013).
Results
Chemical composition of pollen
Tree species produced pollen with polypeptide contents ranging from 21.0 ± 2.8 μg/mg (Tilia cordata) to 89.8 ± 11.6 μg/mg (Aesculus carnea). Pollen from Tilia species contained the lowest amounts of polypeptides, differing significantly from Acer pseudoplatanus and Aesculus carnea (χ 2 = 91.42, df = 8, p < 0.001; Table 1 ). Robinia pseudoacacia pollen contained the highest total amino acid content (375.1 ± 2.4 μg/mg), whereas T. tomentosa pollen contained the lowest (209.3 ± 5.6 μg/mg, χ 2 = 23.99, df = 8, p = 0.002; Table 1 ). The analyses of amino acid similarities among tree species showed that the pollen samples were grouped according to taxa (Fig. 2a) . All species of Tilia except T. platyphyllos were grouped together, likely due to their lower content in all amino acids except phenylalanine and cysteine compared to the other species (p < 0.001; Fig. 2a and Table 1 ). Despite the variation in amino acid composition among the studied tree species (perMANOVA, F 8,18 = 55.98, p = 0.001), all tree pollen contained the full spectrum of essential amino acids (Online Resource 1).
According to the phytosterolic composition, all Tilia species, including T. platyphyllos, were grouped together (Fig. 2b) . Total phytosterol concentration in pollen was lower in Tilia species (< Table 1 Polypeptide, total amino acid, and sterol content (μg/mg; mean ± SD) in pollen from the nine studied tree species
Species
Polypeptide content (μg/mg) Amino acid content (μg/mg) Sterol content (μg/mg) Table 1 ). Multivariate analyses detected significant differences in sterolic composition among all the studied tree species (perMANOVA, F 8,12 = 4.18, p = 0.001). All species contained the same main sterols, i.e. β-sitosterol (> 33 % of total phytosterol) and δ5-avenasterol (> 15 % of total phytosterol) (Online Resource 2). However, pollen of Tilia species had lower concentrations in these phytosterols than the pollen of the other species (χ 2 = 87, df = 8, p = 0.003 and χ 2 = 98, df = 8, p < 0.001, respectively). Furthermore, pollen of T. platyphyllos, and to a lesser extent T. x europaea pollen, also contained a relatively high amount of δ7-avenasterol (approximately 30 % and 13 % of total phytosterols, respectively; Online Resource 2).
The quantity and chemical composition of nectar
The volume of nectar differed significantly among species; Tilia species (T. cordata, T. x euchlora and T. tomentosa) produced the highest quantities per flower compared with the other tree species (0.82-1.76 μl per flower, χ 2 = 62.73, df = 8, p < 0.001; Fig. 3a) . Sugar concentration varied between approximately 20 % for Aesculus species to 66 % for Robinia pseudoacacia. In consequence, sugar content per flower ranged from 0.16-0.28 mg in Aesculus species to 1.28 mg in Robinia pseudiacacia. Flower nectar from Tilia species presented sugar content comprised between 0.35 mg (T. platyphyllos) and 0.96 mg per flower (T. x euchlora). Nectar sugar content in Acer pseudoplatanus was about 0.67 mg per flower. Moreover, all Tilia nectars contained higher hexose (glucose + fructose) concentrations than the other species (Fig. 3b) . Despite the variation in hexose and sucrose concentrations, all investigated species produced sucrose-rich nectar.
Discussion
Floral resource composition
To our knowledge, pollen composition is still rarely assessed for entomophilous plant species and was never tempted for street trees. We found that the pollen of the studied trees differed in Fig. 2 Pollen composition in the studied tree species. nMDS ordination plot based on Bray-Curtis distances calculated on absolute amounts (μg/mg) of essential amino acids (a) and phytosterols (b). Ala, alanine; arg, arginine; asp, aspartic acid; cys, cysteine; glu, glutamic acid; gly, glycine; his, histidine; ile, isoleucine; leu, leucine; lys, lysine; met, methionine; phe, phenylalanine; pro, proline; ser, serine; thr, threonine; tyr, tyrosine; val, valine; 24methyl_camp, à 24-methylenecholesterol + campesterol composition. The polypeptide and total amino acid content of pollen varied widely among tree species and within genera. Similar differences among species have been previously reported. Among the nine studied species, Tilia species showed the lowest pollen quality as expressed in terms of amino acid and polypeptide concentrations. Weiner et al. (2010) also reported lower amino acid content in Tilia species (T. cordata) compared to Acer species (A. platanoides). However, the nine urban trees could be important protein resources for insects. A high nitrogen content in pollen, particularly when the total protein content is more than 20 %, is positively correlated with the development of bee larvae (Génissel et al. 2002; Tasei and Aupinel 2008; Vanderplanck et al. 2014b ). All pollen of our investigated species contained more than 20 % total amino acids and all essential amino acids, which confirms their potential utility as pollen source. Furthermore, because urban trees provide pollen with a balanced amino acid content, they are likely to be attractive to pollen-collecting insects (Hanley et al. 2008; Weiner et al. 2010; Somme et al. 2015) . Pollen of urban trees also could be sources of phytosterols for insect visitors. Bumble bees collect pollen that is high in both essential amino acids and sterols (Vaudo et al. 2015) . Phytosterol concentration was particularly high in Acer pseudoplatanus and Robinia pseudoplatanus pollen. The main phytosterols found in pollen of urban trees (β-sitosterol and δ5-avenasterol) appear to be positively associated to larval development of bees (Vanderplanck et al. 2014b ). However; pollen of Tilia platyphyllos and T. x europaea were also rich in δ7-avenasterol. This δ7-phytosterol is detrimental to herbivorous insects that lack the enzymes (specifically isomerases) necessary to convert δ7-sterols to δ5-sterols (Janson et al. 2009; Sedivy et al. 2011) . Overall, the investigated plant species produced high quality pollen regarding amino acid and phytosterol composition although Tilia pollen seemed less interesting compared to the other urban trees.
Urban tree flowers provide nectar with relatively high sugar contents (0.16 to 1.28 mg/ flower). The volume and sugar concentration of the produced nectar fell within the range of other bee-pollinated tree species (Percival 1961; Waser and Ollerton 2006) and was similar to those reported in previous studies (T. cordata and T. platyphyllos, Anderson 1976; Aesculus, Burke et al. 2000) . Our results showed that the nectar sugar content varied widely within genera. For instance, the total sugar content of the nectar from the Tilia species ranged from . glabra (54 %; Macior 1978) and A. sylvatica (50 %; Burke et al. 2000) . All nectar samples were sucrose-rich ordominant, as previously reported (A. pseudoplatanus, A. carnea, A. hippocastanum, Percival 1961; R. pseudoacacia, T. x europaea, Wykes 1952; T. cordata, Käpylä 1978) . Nectar that is sucrose-rich is highly attractive to honey bees and bumble bees (Percival 1961) . The nectar of the studied species could thus be a valuable energy source for insects.
Even though nectar of urban trees was interesting regarding the sugar content, other compounds more detrimental for insects could be observed in nectar of some species. Bee deaths have been reported for Tilia cordata, T. tomentosa (Crane 1977; Pawlikoswski 2010) , T. x euchlora (Pigott 2012) and Aesculus hippocastanum (Detzel and Wink 1993) . Crane (1977) attributed these deaths to the presence in nectar of the sugar mannose, but Krasenbrink et al. (1994) failed to find mannose in Tilia nectar. Another explanation could be the presence of nicotine in lime nectar (Singaravelan et al. 2006; Naef et al. 2004 ). Mannose was not quantified in this study and evaluation of the toxicity of Tilia and Aesculus nectar need further investigations.
Floral resource availability
Wild insect populations are declining in human altered landscapes likely due to reduced availability of food resources (Potts et al. 2010a ). In cities, gardens have been considered as abundant floral resources (Matteson and Langellotto 2010; Kaluza et al. 2016) . Their steady food availability was most likely due to a mix of native and exotic plants which produce a continuous supply of resources, known to benefit generalist insect species (Harmon-Threatt and Kremen 2015; Baldock et al. 2015) . Nevertheless, floral abundance has been reported to be a major limiting factor for the diversity of pollinating insects in urban gardens (Comba et al. 1999b; Frankie et al. 2005 ; Banaszak-Cibicka and Żmihorski 2012). Because a single tree produces thousands of flowers, the role of trees in sustaining populations of pollinating insects should be further considered. Even if herbaceous species might offer abundant pollen and nectar resources (Comba et al. 1999b; Baude et al. 2016) , the flower density per square meter is lower than trees. The precise estimation of flower numbers remains difficult for trees as numbers depend on multiple variables like tree species, size, age, cutting practices, abiotic conditions (soil, climate), etc. Nevertheless, the mean flower density was estimated between 2400 flowers/m 2 for Tilia x europaea (D. Hicks, pers. comm.) to 4555 flowers/m 2 for Acer pseudoplatanus (Baude et al. 2016) . In consequence, sugar nectar production of a Tilia x europaea tree could be more than 10 times the peak nectar sugar production of an equivalent patch of 'urban pollinator meadow' (D. Hicks, pers. comm.). Precise quantification of pollen production at the tree level will need further investigation.
Moreover, all studied tree species flower during the time of highest nectar and pollen demand for social insects like bumble bees (Dicks et al. 2015) and their flowering last from the begin of spring until end of August (Fig. 1) . The first flowering urban trees are maple species (several species of Acer) that bloom as early as in April. They could therefore constitute a valuable resource at the stage of colony foundation for social insects (Moquet et al. 2015) . According to our results, Acer pseudoplatanus was one of the most valuable pollen resource and its nectar production was intermediate compared to the other studied species. After the spring flowering species (Aesculus, Robinia …), Tilia species could be crucial resources at the maximum colony development stage in June and July. Although their pollen quality was lower compared to the other investigated urban trees, they could be important protein and phytosterol resources for insects. Pollen is a limited plant resource and is, unlike nectar, not constantly replenished by the plant and can thus be depleted over the course of a day. Insects should thus primarily collect pollen when available. The effect of mass flowering species on a colony's pollen intake has been shown for several trees (Kaluza et al. 2016) . In this perspective, urban trees might be valuable floral resource supply if their global production remains high all over the season. In consequence, future city planning needs to mix tree species along streets or inside a district.
Conclusion: Urban trees for increasing and diversifying floral resources for insects
Urban street trees could help to reduce disparities in time of floral resource abundance, type and diversity. As shown in this study, planting exotic trees (e.g. Aesculus spp., R. pseudoacacia or some Tilia species) could provide more opportunities for insects to find suitable floral resources. Currently only four native tree species, A. pseudoplatanus, Tilia cordata, T. platyphyllos and their hybrid T. x europaea, are generally planted as urban trees in European cities. It has recently been shown that if an exotic plant species can supply the necessary nutrients (i.e. pollen and/or nectar in quantity and quality), pollinating insects may readily incorporate them into their diets (Harmon-Threatt and Kremen 2015). Furthermore, expanding the diversity of the floral resources available for insects might allow generalist insects to mix pollen to complement or mitigate unfavourable pollen properties (i.e. pollen containing δ7-sterols; Eckhardt et al. 2014) .
To offer nutritionally balanced resources for pollinating insects and to ensure flower availability during the season, it could be suggested planting different entomophilous trees along the streets in future city development projects. Despite this opportunity, other aspects regarding amenity trees, such as herbivores, pathogens or toxicity, need to be taken into account in urban design.
